Inoculation of the cottontop tamarin with Epstein-Barr virus (EBV) gives rise to the development of monoand/or oligoclonal large cell malignant lymphoma. A cDNA library was generated with the RNA extracted from an EBV-induced tamarin lymphoma biopsy in order to study the transcripts expressed in the tumour tissue. Fifteen EBV-specific cDNA clones were localized in the corresponding viral genomic fragments. Among them, two correspond to the EBNA-2 gene, and two others to the latent membrane protein gene. The majority of the cDNA clones were localized in the BamHI A fragment which has not been associated with latent expression. Furthermore, cDNAs were also found from the BamHI D and I fragments. Sequence analysis of the cDNAs localized in BamHI A showed that they correspond to a rightward transcript in the BALF-3 region, with the one clone that was sequenced containing four exons and three introns. The above results were confirmed by testing three different biopsies with the rapid amplification of cDNA ends-PCR method. (Dambaugh et al., 1986; Epstein & Achong, 1979 Epstein et aI., 1965) . It has also been realized for some time that there is a strong association between the virus and several human turnouts, namely endemic Burkitt's lymphoma (BL), undifferentiated nasopharyngeal carcinoma (NPC) and certain lymphomas arising in immunodepressed individuals (Epstein & Achong, 1986; Henl6 et al., 1970; Zeng, 1985; zur Hausen et al., 1970) . The role played by EBV is still poorly understood. Recent studies have shown that at least three EBV genes and products are involved in viral B cell transformation and immortalization: (i) EBNA-2, which is a major viral component responsible for the immortalization of B lymphocytes by the virus in vitro (Cohen et al., 1989; Hammerschmidt & Sugden, 1989; Skare et al., 1985) , (ii) latent membrane protein (LMP), which is capable of transforming rodent cells in vitro and is responsible for some of the phenotype alterations in immortalized B lymphocytes (Wang et al., 1985 (Wang et al., , 1988 and (iii) the gene corresponding to the -~ Present address: Laboratoire de Virologie Mol6culaire, UMR 30, CNRS-UCLB, Facult6 de M6decine Alexis Carrel, Rue G. Paradin, 69372, Lyon, Cedex 08, France.
Epstein-Barr virus (EBV) can transform human and primate B lymphocytes into immortalized proliferating cells in vivo and in vitro
BARF-1 open reading frame, which has homology with the immunoglobulin superfamily and is capable of transforming rodent cells in vitro Wei & Ooka, 1989) . However, it is not known how these viral genes function in vivo or whether or not there are any other viral genes involved in oncogenesis associated with EBV.
Several studies on the expression of the EBV genome in virus-associated tumours have been carried out in order to investigate viral activity in the tumours. The viral latent proteins EBNA-1 and LMP were found in NPC biopsies, but only EBNA-1 is expressed in the case of BL (Rowe et al., 1987; Young et al., 1988) . However, the transcriptional expression in both cases seems to extend to a larger part of the genome, with even lyric transcripts being seen in NPC biopsies (Arrand & Rymo, 1982; Raab-Traub et al., 1983; Rymo, 1979; Tugwood et al., 1987) . In particular, analysis of a cDNA library generated with mRNAs extracted from an NPC biopsy passaged in nude mice (C15) demonstrated the presence of transcripts from the viral genomic fragments BamHI A, Nhet, H, K, B, G and D, with a prominent number of cDNA clones being transcribed from BamHI A (Hitt et al., 1989) . A further detailed study on the latter indicated that these cDNA clones correspond to a previously unknown rightward mRNA overlapping with leftward open reading frames deduced from the BamHI A 0001-1303 © 1993 SGM Gilligan et al. (1990) . A large colony of cottontop tamarins, providing an EBV tumour animal model, has been successfully bred in our laboratory. Inoculation of the cottontop tamarin with a standard dose of the virus (B95-8 strain) gives rise to the development of mono-or oligoclonal large cell malignant lymphoma, which is directly caused by EBV (Cleary et al, 1985) . The induced lymphoma has certain similarities with the EBV-associated human B cell lymphoma which occurs in immunodeficient patients in terms of clinical symptoms, histological appearance and the presence of EBV latent antigens. The EBV genome was found to be present in all the tumour cells and only a few infiltrating lymphocytes could be seen. Previous work in the laboratory showed that all the latent viral proteins tested for, including EBNA-1, -2, leader protein and LMP, were expressed in tamarin lymphomas, whereas minimal expression, if any, of early or late viral proteins was detected (Young et al., 1989) . However, study of viral transcription in these lymphomas revealed that viral transcriptional activity comes not only from the EBV latent genes but also from regions where no latent genes have yet been found. Abundant transcripts from the BamHI A fragment are detected (Decaussin et al., 1989) .
In order to clarify the discrepancy between the results obtained on viral translation and those on transcription, and to compare viral expression in the tamarin model with that in human EBV-associated tumours, an investigation was carried out on viral transcription in the tamarin lymphoma using a cDNA library generated from mRNA extracted from this tumour tissue.
A cDNA library was prepared from approximately 1 gg of poly(A) ÷ mRNA obtained from a bronchial lymph node tumour biopsy from an EBV-infected tamarin. The screening of EBV-specific cDNA clones was carried out by hybridization of 1"0 x 106 independent original recombinant ZapII cDNA phages and 5 x 106 amplified recombinant phages with all the radioactively labelled EBV B95-8 genomic fragments except BamHI b, c and d, but including an EBNA-1 cDNA clone incorporating the 5' side sequence shared by the other known EBNAs. A mixture of five or six of the EBV fragments mentioned above was used in each screening TI2~  T6   [  i  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I I  I  I  I  IIII  I  I  I  I  I  III 
159331. , T8 to probe with one-fifth of the above amount of recombinant phages. EBV-specific cDNA clones were found with BamHI fragments A, D, H, I and Nhet, with the total number of positively hybridizing clones being 15: cDNA clones T1, T2, T3, T4, T7, T8, T13, T14 and  T 15 with BamHI A; T 11 with BamHI D; T5 and T6 with BamHI H; T12 with BamHI I; T9 and T10 with BamHI Nhet. The results from the screening are summarized and schematically shown in Table 1 and Fig. l(a) respectively. Among the EBV-specific cDNA clones obtained, 11 were partially or entirely sequenced by the Sanger method using either ss or ds phagemid DNA in order to determine their precise location on the EBV genome. Sequence information and the poly(A) position of cDNA clone T5 localized it to the open reading frame, BYRF-1, coding for EBNA-2 and placed clones T9 and TI0 to the BNLF-2 open reading frame coding for LMP. Since the clone T6 hybridized with T5, it should also correspond to the BYRF-1 open reading frame. The clone T12 was localized at genomic position 153203, where no open reading frame had been deduced from the sequence analysis.
The positions on the EBV genome of both extremities of the cDNA clones T1, T4, T7, T8, T13, T14 and T15 are shown in Fig. 1 (b) , and range from 157117 to 160986. The cDNA clone T13, having been totally sequenced, was localized from 157117 to 160 984 in the B95-8 EBV genomic sequence, and is particularly interesting. It contains four exons within its 1035 base pairs and three introns, with the last two introns both being longer than 1000 base pairs, consisting of the classical donor and acceptor splicing sequence and giving a clear rightward transcriptional sense ( Fig. 1 and 2 ). All the other cDNA clones localized in the same region have their 3' ends very close to the position of the 3' end of T13, most of them being included in exon 4 in T13. No differences were found in the above sequenced cDNA clones when compared with the published B95-8 sequence data.
The detection of rightward transcripts from other tamarin lymphoma biopsies was carried out by the rapid amplification of cDNA ends (RACE) method which also allowed the simultaneous determination of the 3' end of the transcripts found in the BALF-3 region. Two ~tg of DNase-treated total RNAs extracted from another three tamarin lymphoma biopsies (B77, B124 and B154) and from a normal tamarin spleen taken from a non-infected animal (B 18), 2 pg of DNase-treated cytoplasmic RNAs (Zhang et al., 1988) from the EBV-positive B95-8 line, and 1 ng of BamHI A DNA fragment were subjected to cDNA synthesis initiated with a hybrid dT17 adapter primer in the presence and absence of reverse transcriptase. The cDNAs thus obtained were amplified by a conventional DNA PCR using an EBV-specific primer and the adapter primer which recognizes the adapter sequences on a hybrid dT-adapter primer. Two sets of EBV-specific primers were used separately in the above reaction: BA3-1a and BA3-1b, which are complementary to positions in the EBV genome from 160740 to 160757, and the primers BA3-2a and BA3-2b which are complementary to positions in the EBV genome from 160373 to 160390. Both BA3-1a and BA3-2a have the upper strand sequence of the EBV genome and therefore recognize the cDNA from the rightward transcript in this region, whereas BA3-1b and BA3-2b, complementary to the former, recognize cDNA from leftward mRNAs. The results shown in Fig. 3 indicate that only BA3-1a and BA3-2a, recognizing the rightward transcripts, succeeded in amplifying specific DNA fragments that hybridize with the BamHI A fragment, whereas BA3-1b and BA3-2b failed to do so (data not shown). The DNA fragments amplified by BA3-1a are about 0.25 kb in size, those amplified by BA3-2a are 0"7 and 0.5 kb. They can be seen in all the three tamarin lymphomas tested and in the B95-8 cell line sample where only cytoplasmic RNAs (not total RNA) were used for the RACE reaction. The DNA bands hybridizing with the BamHI A fragment were seen Few detailed studies on EBV transcriptional expression have been carried out using tumour material directly associated with EBV except in the case of N P C from which no virus-carrying epithelial cell lines have been established so far. The EBV-induced tamarin lymphoma which is a large cell mono-or oligoclonal lymphoma, with the EBV genome being present in the tumour cells and very few infiltrating lymphocytes, is a unique and interesting model for investigation of the role of the virus in related tumours. This tumour has some similarities with EBV-associated human lymphoma occurring in patients with immunodeficiency.
Because of the small size of tamarin lymphomas, the c D N A libraries obtained from them carry a smaller number of original recombinant phages than a comprehensive c D N A library would normally have, because the tissue supply is not so restricted. This might explain why no c D N A clones corresponding to EBNA-1 transcripts were obtained, although EBNA-1 protein is present (Young et al., 1989) . However, they are also known to be among the least abundant viral m R N A s in NPC biopsies and EBV-carrying lymphoblastoid lines (Hitt et al., 1989) . Nevertheless, judging from the number of phages used for the screening, it is certainly possible at least to identify moderately abundant viral mRNAs. In fact, the transcriptional pattern observed in this c D N A library corresponds well with previous results on viral transcription in EBV-induced tamarin lymphoma using different methods (Decaussin et al., 1989) .
Apart from the c D N A clones corresponding to latent m R N A s (T5 and T6 for EBNA-2 and T9 and T10 for LMP), it was also found that, among 15 different cDNA clones isolated from the tamarin lymphoma cDNA library, cDNA clones corresponding to transcripts from the BamHI I and BamHI D fragments, where no latent viral genes have so far been localized, were also present. Clearly, transcriptional expression in EBV-related tamarin lymphomas involves genes other than those classically associated with latent EBV infection.
The majority of the cDNA clones obtained, however, come from the BamHI A fragment. It was previously reported that this fragment was the most abundantly expressed at the transcriptional level from the EBV genome in tamarin lymphoma but the nature and origin of the transcripts were not investigated (Decaussin et al., 1989) . The analysis of a cDNA library generated with mRNA from a tamarin lymphoma revealed the location of these abundant transcripts in the BALF-3 region, giving results similar to those reported recently for the tumour biopsy C15, passaged in nude mice (Hitt et al., 1989) . The data reported here are the first to show that such transcription is not exclusive to cells of epithelial origin as has sometimes been suggested. Both sets of results show that the abundant BamHI A transcripts are rightward transcripts overlapping with previously defined leftward open reading frames (Baer et al., 1984) , the major transcript being an mRNA of 4.8 kb, with at least two other minor mRNAs. The cDNA clones found by Hitt et al. (1989) extend further to the 5' part of the original transcript because random oligonucleotides were used for the initiation of cDNA synthesis, whereas the cDNAs reported here correspond to the 3' part, as an oligo(dT) primer was used for the initiation. More recently, Gilligan et al. (1990) have also examined transcription in the BamHI A region in C15 NPC material. Comparison of the sequences of cDNA clones from BamHI A reported here with those reported by Gilligan et al. (1990) indicates that the 3' extremity of cDNAs from each source ends virtually at the same place in positions ranging from 160981 to 160986 on the EBV genome (Fig. 1) . However, although our T13 clone has the same acceptor site (position 160239) in the third intron as the unique acceptor site on Gilligan's c25a cDNA (donor position 160067, acceptor position 160238) clone, it has a different splicing donor site (position 159 210) and goes farther upstream in the EBV genome, giving useful information on the 5' structure of this transcript. This result indicates that the structure of the transcript in the BALF-3 region is not the same in both tamarin lymphoma and NPC C15 cells. Another possibility might be that clone T13 represents a more mature transcript than c25a, given that immature transcripts in the tumour biopsies could exist. This might also apply to our cDNA clone T8 localizing at position 159331 where the third intron of T13 is situated. We noticed that the 18.8 clone reported by Hitt et al. (1989) also contains four exons, which resembles our T13 clone. However, the lack of detailed sequence data prevented us from making any further comparison. The structure of the complete transcript needs to be determined but the extension of the actual 5' end to the authentic 5' end (4 kb) would be a considerable task.
In order to confirm the existence of rightward transcripts from the BALF-3 region in tamarin lymphomas, the RACE method was used to test another three different biopsies. The results allowed us not only to show that the expression of the corresponding rightward transcripts is not an occasional phenomenon and is found in all three biopsies tested, but also to obtain some more information about the localization of their 3' ends. Given that there is a poly(A) site situated at position 161000 (Bankier et al., 1983) , and that the length of fragments revealed by the RACE method represents the distance between the poly(A) tail and specific primer, it appears that the 3' end of the cDNA clones from the BALF-3 region represent the real stop positions for the corresponding transcripts, and that the poly(A) site, the location of which is deduced from sequence analysis (Bankier et al., 1983) , is used in vivo. As for the second amplified band found with the BA3-2a primer, it could represent another differently spliced structure of the transcript in the region. It has been suggested that cDNA clones, isolated in earlier studies, have the capacity to code for proteins (Gilligan et al., 1990; Hitt et al., 1989) . Protein products are currently being expressed in bacterial systems and will be used to detect antibodies which may be present in infected individuals and to generate antibodies in rabbits. The generation of antibodies against these proteins will be necessary for their proper identification and characterization.
The discovery of the unknown rightward transcript(s) previously in NPC and now in tamarin tumours may be significant. There is another group of unknown rightward mRNAs that have been identified on the fight-hand side of BamHI A and overlapping with BALF-1 and BALF-2 (Zhang et aL, 1987) . These observations indicate that transcriptional expression could be far more complicated than might be deduced from sequence analysis. It remains to be determined what the viral function of the rightward transcripts in the BALF-3 region is. It has been suggested that they could play a role as antisense RNAs in the regulation of viral expression (Hitt et al., 1989) , or that they may be involved in latency (Gilligan et al., 1990) . It has also been put forward that the abundant expression of these transcripts is preferential in epithelial cells. It is clear from the results reported here that similar transcription occurs in EBV-induced tamarin lymphoma cells. The abundant expression of the rightward transcripts in the BALF-3 region in both NPC and EBV-induced tamarin lymphoma suggests that it could be an important viral function. Further studies at both the transcriptional and translational levels will be necessary in order to determine the fine structure and the biological function of the gene product from the BALF-3 region.
